Previous animal research has revealed neuronal activity underlying short-term retention of vibrotactile stimuli, providing evidence for a parametric representation of stimulus frequency in primate tactile working memory (Romo et al., 1999). Here, we investigated the neural correlates of vibrotactile frequency processing in human working memory, using noninvasive electroencephalography (EEG). Participants judged the frequencies of vibrotactile stimuli delivered to the fingertip in a delayed match-to-sample frequency discrimination task. As expected, vibrotactile stimulation elicited pronounced steady-state evoked potentials, which were source-localized in primary somatosensory cortex. Furthermore, parametric analysis of induced EEG responses revealed that the frequency of stimulation was reflected by systematic modulations of synchronized oscillatory activity in nonprimary cortical areas. Stimulus processing was accompanied by frequency-dependent alpha-band responses (8 -12 Hz) over dorsal occipital cortex. The critical new finding was that, throughout the retention interval, the stimulus frequency held in working memory was systematically represented by a modulation in prefrontal beta activity (20 -25 Hz), which was source-localized to the inferior frontal gyrus. This modulation in oscillatory activity during stimulus retention was related to successful frequency discrimination, thus reflecting behaviorally relevant information. Together, the results complement previous findings of parametric working memory correlates in nonhuman primates and suggest that the quantitative representation of vibrotactile frequency in sensory memory entails systematic modulations of synchronized neural activity in human prefrontal cortex.
Introduction
Sensory working memory accomplishes the short-term storage of behaviorally relevant sensory information (for review, see Pasternak and Greenlee, 2005) . In the tactile domain, the neuronal basis of sensory working memory has been extensively studied in nonhuman primates performing delayed discrimination of vibrotactile stimuli (for review, see Romo and Salinas, 2003) . A particularly intriguing finding from this line of research is the notion of parametric working memory for vibrotactile frequency, as reflected by the graded firing of neurons in prefrontal cortex (PFC) during stimulus retention (Romo et al., 1999) . Similar, albeit less pronounced memory-related activity was recorded in premotor cortex and secondary somatosensory cortex (SII) (Romo et al., 2002; Romo and Salinas, 2003) .
Only few neuroimaging studies have examined vibrotactile working memory in human subjects, using functional imaging (Preuschhof et al., 2006) and, recently, magnetoencephalography (MEG) (Haegens et al., 2010) . The activation patterns found in these studies were in reasonable agreement with the previous animal work, consistently showing memory-related activations in human PFC, and recently also SII (Haegens et al., 2010) . However, different strategies have been pursued in the studies of animals and humans; whereas Romo et al. (1999) were able to identify neurons which monotonically encode in their firing rate the contents of somatosensory working memory (i.e., the stimulus frequency), the recent studies of humans have isolated memory-related brain activity by contrasting conditions of high versus no (or failed) working memory function (for critical discussion, see Pasternak and Greenlee, 2005) . As yet, no neuroimaging study has reported independent evidence for a parametric representation of vibrotactile frequency in human working memory.
A priori, neural indices of such parametric representation may be difficult to detect using brain imaging techniques. Only approximately one-half of the neurons found to encode vibrotactile frequency in macaque PFC actually increased their firing rate as a function of frequency; the firing rates of almost equally many neurons systematically decreased with increasing stimulation frequency (Romo et al., 1999; Romo and Salinas, 2003) . On the population level, such complex changes in neuronal firing may not affect the net metabolism of the region, which is assessed in functional imaging. However, the modulations in neuronal firing may be accompanied by systematic changes in the large-scale oscillatory dynamics of the population [e.g., in terms of neuronal (de-)synchronization], which can be assessed noninvasively by analysis of the spectral power evolution in electroencephalography (EEG)/MEG signals (Pfurtscheller and Aranibar, 1977) .
Human EEG/MEG studies have shown that vibrotactile stimulation evokes frequency-specific responses in primary somato-sensory cortex (Giabbiconi et al., 2007) , but no noninvasive evidence for a sustained frequency representation in nonprimary cortical areas exists. Here, we probed the notion of Romo et al. (1999) of parametric working memory by analysis of human EEG responses during vibrotactile frequency discrimination. In particular, we examined to what extent oscillatory activity reflects the stimulus frequency being processed in working memory. Thus, in contrast to previous neuroimaging studies describing the broad networks involved in tactile stimulus retention, we specifically focused on neural correlates reflecting the task-relevant contents of a somatosensory memory trace.
Materials and Methods
Participants. Fourteen healthy volunteers (21-39 years; five females, nine males) participated in the experiment with written informed consent. The study was approved by the Ethical Committee of the Charité University Hospital Berlin and corresponded to the Human Subjects Guidelines of the Declaration of Helsinki.
Stimuli and behavioral task. Vibrotactile stimulation of the left index finger was delivered by a 16-dot piezoelectric braille display (4 ϫ 4 quadratic matrix; 2.5 mm spacing) controlled by a programmable stimulator (Piezostimulator; QuaeroSys). The pins of the braille display were driven by a constant 144 Hz sinusoidal carrier signal that was amplitudemodulated by one of six fixed-amplitude sinus functions (16, 21, 26, 31, 36, or 41 Hz) . Although the power spectrum of the driving signal contains only frequency components Ͼ100 Hz, the resulting tactile stimulation is perceived as a "flutter" in the modulation frequency, corresponding to the envelope curve of the signal (Tobimatsu et al., 1999) . The sound of the stimulator was masked by white noise (ϳ90 dB) presented through a loudspeaker. None of the participants reported hearing any sound attributable to the tactile stimulation.
On each trial, after a variable prestimulus interval (1000 -1500 ms), two flutter stimuli of 1250 ms duration were sequentially presented, separated by a 1750 ms retention interval (see Fig. 1 A) . The base stimulus frequency (f1) was varied between 21 and 36 Hz in steps of 5 Hz; the comparison stimulus frequency (f2) was randomly chosen to be either 5 Hz higher or 5 Hz lower than the base frequency. After comparison stimulus offset, responses were given with the right hand by pressing a response button either once or twice to indicate whether the base or the comparison stimulus was "faster." Response assignment was counterbalanced (i.e., one-half of the subjects were instructed to indicate which of the two stimuli was "slower"). After a few practice trials, each participant completed five blocks of 100 frequency discrimination trials.
EEG recording and analysis. EEG was recorded using a 64-channel active electrode system (ActiveTwo; BioSemi), with electrodes placed in an elastic cap according to the 10 -20 system. Individual electrode locations were registered using an electrode positioning system (Zebris Medical). Vertical and horizontal eye movements were recorded from four additional channels. Signals were digitized at a sampling rate of 2048 Hz, off-line bandpass filtered (0.5-100 Hz), downsampled to a sampling rate of 512 Hz, and referenced against average reference. The EEG data were corrected for eye movements using calibration data to generate individual artifact coefficients, and the algorithm implemented in BESA (MEGIS Software; BESA, version 5.1.8). Remaining artifacts were excluded from analysis by careful visual inspection.
Spectral analysis. All additional analyses were performed using SPM8 for MEG/EEG (Wellcome Department of Cognitive Neurology, London, UK; www.fil.ion.ucl.ac.uk/spm/) and custom MATLAB code (The MathWorks). The artifact-free EEG data were segmented into 7500 ms epochs ranging from 1500 ms before base stimulus onset to 1750 ms after comparison stimulus offset. Time-frequency (TF) representations of spectral power between 4 and 40 Hz were obtained by applying a tapered sliding window fast Fourier transform (FFT) using a single Hanning taper and an adaptive time window of seven cycles length. Analysis of higher frequency bands (Ͼ40 Hz), using a multitapered FFT on the undecimated data, yielded no significant effects. To avoid edge effects at lower frequencies, the TF data were analyzed only within Ϫ600 and 5000 ms relative to onset of f1. Evoked power was computed for each stimulus condition by applying the TF transform to the average waveform, effectively retaining only phase-locked activity (see Fig. 1 B) . For analysis of induced power, for each stimulus condition, the average waveform was subtracted from the waveform of each individual trial before applying the TF transform to the single trial data. The averaged TF spectra then yielded an estimate of purely induced (non-phase-locked) oscillatory power, uncontaminated by evoked (phase-locked) responses (see Fig.  2 A) . Evolution of spectral power over time was expressed as percentage amplitude changes relative to a prestimulus baseline period (600 -200 ms before base stimulus onset), effecting a standardization of power levels across frequencies. Changes in standardized induced power over time were referred to as event-related desynchronization/synchronization (ERD/ERS) (Pfurtscheller and Aranibar, 1977) , denoting relative power decreases or increases, respectively.
Statistical analysis. Parametric modulations of oscillatory activity were analyzed by weighting the induced spectra across conditions with a zerocentered parametric contrast vector expressing a linear relationship to the stimulation frequency. This approach is comparable with computing for each time-frequency bin the slope of a linear fit. Under the null hypothesis of no linear relationship, the parametric contrast is expected to be zero. The contrast spectra were subjected to mass-univariate statistical analysis on the group level, using one-sample t tests as implemented in SPM (for details, see Kiebel et al., 2005) . This involved convolution of the individual TF contrasts with a 3 Hz ϫ 300 ms [full width at halfmaximum (FWHM)] Gaussian kernel (see below) and computing for each TF bin a t value that reflected the significance of the contrast. Timefrequency bins in which the linear contrast was significantly different from zero were considered "significantly monotonic" (cf. Romo et al., 1999) . Family-wise errors (FWEs) in time-frequency space were controlled using random field theory (RFT). RFT approximates the probability that a multidimensional statistical map exceeds some height or extent by chance, under the assumption that the error terms approximate a smooth random field with a Gaussian distribution (Worsley et al., 1996; Brett et al., 2003) . Convolving the map with a Gaussian smoothing kernel before analysis ensures this assumption. The RFT method is routinely used in statistical analysis of functional imaging data and has been shown to be readily applicable to parametric EEG statistics in time-frequency space (Kilner et al., 2005) . We used RFT as implemented in SPM8 to determine at each channel the FWE-corrected probability that a cluster of significantly monotonic TF bins may have been obtained by chance. A cluster was thereby defined as a group of adjacent TF bins that all exceed a threshold of p Ͻ 0.01 (cluster-defining threshold) (Kilner et al., 2005) . The FWE-corrected significance ( p cluster ) of a cluster of a given size was then determined using the distribution of the expected Euler characteristic, given the smoothness of the map, under the null hypothesis of a continuous random field. To account for multiple comparisons across channels, only clusters exceeding a conservative FWE-corrected threshold of p cluster Ͻ 0.005 were considered significant. If a significant TF cluster was identified, cluster-based inference was complemented by conventional linear trend analysis of the average ERD/ERS in the respective frequency band, pooled over those neighboring channels in which a similar effect was observed.
Source localization. The sources of oscillatory EEG activity were modeled using source reconstruction as implemented in SPM8 (Friston et al., 2006) . For each participant, a forward model was constructed, using a 8196 vertex template cortical mesh coregistered to the individual electrode positions via three fiducial markers. The lead field of the forward model was computed using the three-shell BEM EEG head model available in SPM8. Before model inversion, the raw data were bandpass filtered around the frequency band of interest. Source estimates were then computed on the canonical mesh using multiple sparse priors under group constraints (Litvak and Friston, 2008) , including the data from all conditions of interest. TF contrasts were used to summarize oscillatory source power for specific frequency bands, and at specific times, as three-dimensional images. This entailed convolving the single-trial source activity with a series of Morlet projectors and weighting the average power from each condition with a Gaussian window centered on the time interval of interest. For evoked power, the projectors were applied to the averaged trials. Representative time-frequency windows for source analysis were chosen on the basis of the individual channel level results. Event-related increases/decreases in oscillatory source power were expressed relative to source power during a prestimulus baseline, the length of which was adjusted to match the length of the poststimulus periods of interest. For these analyses, because of the length of the available prestimulus interval, time windows of interest (i.e., size of the Gaussian weighting window) were restricted to a maximum of 500 ms (FWHM). Source power increases/decreases, and parametric modulations of source power across conditions, were statistically analyzed on the group level, using conventional SPM t tests and regression statistics, respectively. Statistical parametrical maps were thresholded at p Ͻ 0.001, using RFT on the cluster level to control for FWE in source space ( p cluster Ͻ 0.05, whole-brain FWE). The SPM anatomy toolbox (Eickhoff et al., 2005) was used to establish cytoarchitectonic reference where possible.
Analysis of performance-related differences. Only correct discrimination trials were included in the main analyses. For additional analysis of performance-related differences, for each subject and stimulation frequency pairing, an equal (i.e., the minimum) number of correct and incorrect trials were randomly selected. The above analyses were then applied to the equal-numbered subsets of correct and incorrect trials, respectively. Given relatively high performance levels (see Results, Behavioral results), these analyses were based on only a fraction of the original trials, which implies considerably reduced statistical power. For statistical comparisons, the data were collapsed over those channels and frequency bins exhibiting a significant effect in the main analyses.
Results

Behavioral results
On average, 80.4% of the stimulus pairs were correctly discriminated. The average response time was 188 ms after comparison stimulus offset. The accuracy levels/response times for the different base stimulus frequencies (21, 26, 31, and 36 Hz) were 81.3%/ 188 ms, 84.0%/177 ms, 81.3%/178 ms, and 74.8%/209 ms, respectively. Linear trend analysis revealed no evidence for a systematic relationship between base stimulus frequency and accuracy or response times (both values of p Ͼ 0.05). Also, no systematic relationship between the frequency of the comparison stimulus (16 -41 Hz) and the behavioral measures was found (both values of p Ͼ 0.05). Figure 1 B illustrates the stimulus-evoked EEG activity over somatosensory areas during the discrimination task, for an exemplary stimulus condition (base, 26 Hz; comparison, 31 Hz) . Vibrotactile stimulation evoked prominent frequency-specific "steady-state" responses, which were source-localized focally in primary somatosensory cortex (SI) contralateral to the stimulated hand (Fig. 1C , source cluster covers Brodmann areas 3b, 1, and 2). Properties of such vibrotactile evoked steady-state responses have been described in detail previously (Tobimatsu et al., 1999; Nangini et al., 2006; Giabbiconi et al., 2007) . We examined to what extent the frequency-specific evoked responses were related to subjects' performance in the frequency discrimination task. Figure 1 D illustrates for equal-sized subsets of correct and false discrimination trials (see Materials and Methods) the average narrowband evoked activity at the frequencies of base (f1) and comparison (f2) stimulation, respectively, pooled across all stimulus conditions. The data were collapsed over those channels exhibiting the strongest steady-state responses overall (F2, F4, FC2, CP2, CP4, P2, P4). Statistical analysis showed that the steady-state responses evoked by the base (f1) stimuli were of comparable size for correct and incorrect trials (0 -1250 ms; all time bins, p Ͼ 0.05). In contrast, between 3100 and 4250 ms, the steady-state responses evoked by the comparison (f2) stimuli were significantly stronger for correct than for incorrect trials (all time bins, p Ͻ 0.05).
Stimulus-evoked EEG responses
Also evident in the evoked EEG activity (Fig. 1 B) were broadband transient responses (4 -15 Hz) after the onsets of f1 and f2. These transient responses showed a similar, albeit more widespread, source distribution over sensorimotor cortex as the steady-state responses (including contralateral SI and bilateral SII) (data not shown) but were invariant to the frequency of stimulation and were unrelated to frequency discrimination performance (4 -15 Hz; 0 -400 and 3000 -400 ms; all time bins, p Ͼ 0.30). Central to the present study, no transient or steady-state evoked activity was evident during the retention interval.
Induced EEG responses
The overall ERD/ERS responses observed during the task are summarized in Figure 2 A, for the same stimulus condition and channels as in Figure 1 B. Subtracting the average waveform effectively eliminated transient and steady-state evoked responses. Tactile stimulation induced a power decrease (ERD) in the beta band (15-25 Hz) in bilateral sensorimotor areas (Fig. 2 B) , fol- lowed by a rebound (ERS) of beta power in contralateral sensorimotor cortex after stimulation offset (Fig. 2C) . Moreover, we observed a sustained increase (ERS) in occipital alpha power (8 -12 Hz) (Fig. 2D) throughout the retention interval. No performancerelated differences in the overall ERD/ERS responses during correct compared with incorrect discrimination trials were observed (paired t test, all p cluster Ͼ 0.05, FWE).
Parametric modulations of induced activity by f1
The main focus of the present analysis was on possible parametric modulations of oscillatory EEG activity as a function of the (base-) stimulus frequency held in working memory. Statistical analysis of parametric contrasts (see Materials and Methods) revealed significant TF clusters ( p cluster Ͻ 0.005, FWE) of induced power modulations in the alpha band (8 -12 Hz) and in the upper beta frequency range (20 -25 Hz).
The modulation in the alpha band was significant between 400 and 2300 ms after stimulus onset (Fig. 3A) ( p cluster Ͻ 0.005, FWE) and was strongest over posterior channels (Fig. 3B) . Figure  3C shows the average posterior alpha-band ERS (8 -12 Hz) for the different stimulus frequencies (f1), together with the significance of the linear trend analysis across conditions. A significant linear relationship between the average alpha-band ERS and the base stimulus frequency was evident during late encoding and early retention (450 -1500; all time bins, p Ͻ 0.05). During that time window, the linear modulation accounted for 34% ( 2 ) of the ERS variance ( p Ͻ 0.05). Parametric analysis of alpha source power estimates for the time window of the strongest effect (750 -1250 ms) allocated the linear modulation to dorsal occipitoparietal cortex (BA 18 and superior parietal lobe) (Fig. 3B) . Analysis of equal-numbered subsets of correct and incorrect discrimination trials suggested a by tendency stronger alpha power modulation during correct discrimination, but the difference failed to reach statistical significance (all time bins, p Ͼ 0.05) (see supplemental Fig. 1 , available at www. jneurosci.org as supplemental material).
The modulation in beta power was significant between 1750 and 2950 ms after base stimulus onset (Fig. 3D ) ( p cluster Ͻ 0.005, FWE) and was most pronounced over right frontal recording sites (Fig. 3E) . Notably, the average frontal beta ERD/ ERS (Fig. 3F ) preserved a significantly monotonic representation of the previously encoded stimulus frequency throughout the retention interval, as confirmed by linear trend analysis (1450 -2950 ms; all time bins, p Ͻ 0.05). During that time window, the linear modulation accounted for 42% ( 2 ) of the ERS variance ( p Ͻ 0.01). Parametric analysis of beta source power estimates (20 -25 Hz) in a representative time window (2000 -2500 ms) allocated the modulation to a focal source in the right inferior frontal gyrus (IFG) (BA 45) (Fig. 3E) . Figure 3G displays the linear regression statistics for the modulation in beta power (20 -25 Hz, pooled over F2, F4, FC2, FC4) for equal-sized subsets of correct and incorrect trials, respectively. The beta power modulation was significantly stronger for correct than for incorrect trials from 2150 to 2350 ms after stimulus onset (all time bins, p Ͻ 0.05).
Parametric modulations of induced activity by f2
We further examined to what extent oscillatory activity was modulated by the frequency of the comparison stimulus (f2, 16 -41 Hz), using the same analysis strategy as above for f1. The parametric analysis revealed a significant modulation in posterior alpha power during late encoding of the comparison stimulus (Fig. 4 A) ( p cluster Ͻ 0.005, FWE), which was strongest over posterior sites. Figure 4 B shows the average posterior alpha ERD/ ERS during presentation of the comparison stimulus (f2) for each of the six comparison frequencies (16 -41 Hz). To exclude a contribution of residual differences attributable to the earlier modulation by f1 (compare Fig. 3C ), the ERD/ERS data were baseline-corrected with respect to a time window preceding onset of f2 (2800 -3000 ms, note y-axis). Across the six comparison stimulus frequencies (16 -41 Hz), a significant linear relationship was evident from 700 ms after onset of the comparison stimulus until 250 ms after stimulus offset (all time bins, p Ͻ 0.05). During that time window, the linear modulation accounted for 27% ( 2 ) of the ERS variance ( p Ͻ 0.05). Note that a strictly monotonic order was observed across all comparison stimulus frequencies except for the 41 Hz condition. In addition to the modulation in posterior alpha, the analysis revealed no indications of any additional modulations of induced activity in response to f2.
Discussion
The present study focused on identifying human EEG correlates that reflect parametric processing of vibrotactile frequency in a somatosensory working memory task. During stimulation, vi- brotactile frequency was mirrored by the frequency of steady-state evoked responses, which were reliably sourcelocalized in contralateral SI. Later, toward stimulus offset, frequencydependent modulations in induced alpha activity were evident over dorsal occipital areas. Most important for the present study, throughout the retention interval, the frequency of the previously encoded vibrotactile stimulus was systematically reflected by a graded prefrontal beta-band response, which preserved a monotonic representation of the stimulus frequency held in working memory. Overall, whereas early processing of vibrotactile frequency in SI was accompanied by stimulus-locked (i.e., evoked) EEG responses, frequency processing in nonprimary cortical areas was reflected by non-stimulus-locked (i.e., induced) oscillatory activity.
Vibrotactile stimulation can drive neuronal populations in primary somatosensory cortex (Mountcastle et al., 1990; Salinas et al., 2000) and this has routinely been detected in the form of steady-state evoked responses in human EEG/MEG (Tobimatsu et al., 1999; Nangini et al., 2006; Giabbiconi et al., 2007) . However, as in each of the previous studies, we found that these stimulus-evoked responses were clearly restricted to the duration of the stimulus and thus are highly unlikely to reflect memory-related activity. In addition to stimulus-evoked (i.e., phase-locked) activity, early sensorimotor areas also showed a well known sequence of induced (i.e., non-phase-locked) responses, consisting of a beta-band ERD (15-25 Hz) during stimulation, and a subsequent rebound (ERS) after stimulus offset (Bauer et al., 2006; Neuper et al., 2006; Trenner et al., 2008) . The induced responses in early sensorimotor areas were, however, not modulated by the frequency of stimulation. In line with a large body of previous work (for review, see Romo and Salinas, 2003 ; but see Harris et al., 2002) , our results yield no evidence for a sustained representation of vibrotactile frequency in early somatosensory areas.
Although previous MEG work has pointed to a role of human SII activity during vibrotactile frequency retention, the present EEG analysis showed no significant effects in the frequency range in which SII activity has previously been observed (100 -150 Hz) (Haegens et al., 2010) . This difference in finding might be explained by differences in the sensitivity of the two techniques to sulcal versus gyral sources (Malmivuo and Plonsey, 1995) . In particular, high-frequency (i.e., low-amplitude) oscillations from SII, which is hidden in the lateral sulcus, may be more difficult to detect using EEG than MEG.
Like the previous MEG work, however, we found that stimulus retention was accompanied by a sustained increase (ERS) of oscillatory alpha activity over occipital areas. Such posterior alpha ERS during nonvisual task demands has been assumed to reflect the top-down controlled inhibition or disengagement of task-irrelevant areas (Haegens et al., 2010 ) (for review, see Klimesch et al., 2007) , but the precise role of cortical alpha is still debated. Interestingly, the present parametric analysis showed that the alpha ERS over dorsal visual areas was stronger during processing of higher vibrotactile frequencies. This finding may suggest that "faster" vibrations recruited increased tactile attention, and thereby stronger inhibition of task-irrelevant visual areas. Alternatively, as no systematic differences in behavioral performance were observed, the parametric effect may point to an additional, more direct computational role of cortical alpha (Hummel and Gerloff, 2005; Palva and Palva, 2007) and may indicate that extrastriate areas are actively involved in processing of vibrotactile frequency. Such interpretation would be in line with a number of recent functional imaging studies reporting responses to tactile stimuli in regions traditionally regarded as purely visual (Amedi et al., 2001; Beauchamp et al., 2007 ; but see Cate et al., 2009 , for evidence that cross-modal activations in extrastriate areas can be mediated by attentional factors). Central to the present study, however, modulations in posterior alpha were observed not only in response to the to-be-memorized stimulus (f1) but also in response to the comparison stimulus (f2). Thus, the frequency-dependent extrastriate activity is likely related to processing, but not necessarily to maintenance of the frequency information in working memory.
The central finding of the present study is a sustained modulation of prefrontal beta activity throughout the retention interval. Although we are aware of the limited spatial resolution of EEG source reconstructions, the modulation was sourcelocalized focally to the IFG. This area corresponds architectonically to the inferior convexity of macaque PFC, in which so far the clearest electrophysiological correlates of parametric somatosensory working memory have been found (for review, see Romo and Salinas, 2003) . The IFG has further been shown to be crucially involved in human somatosensory processing (Hagen et al., 2002) and tactile memory (Kostopoulos et al., 2007) . In particular, in the recent functional imaging study by Kostopoulos et al., IFG activity was specifically related to memory for certain attributes of vibrotactile stimuli, like frequency or duration. Extending the recognized role of the region in somatosensory memory processing, the present study for the first time yields evidence for parametric coding of vibrotactile frequency in human IFG, which complements previous reports of parametric working memory in nonhuman primates (Romo et al., 1999) .
Whereas in the seminal work by Romo et al. (1999) a complex pattern of concomitant increases and decreases in the firing of individual PFC neurons has been identified, a monotonic increase of large-scale oscillatory beta activity was observed in the present study. We can only speculate to what extent these different types of parametric activity are possibly related, as the precise link between oscillatory EEG responses and the underlying neural activity remains poorly understood. Only very recently, low (Ͻ8 Hz) and high (Ͼ30 Hz), but not midrange, frequency power in the EEG has been found to correlate with the mean firing rate in the underlying neural population (Whittingstall and Logothetis, 2009) . In this light, both the present finding of a systematic modulation in such midrange activity, and the complex modulations in single-cell activity reported by Romo et al. (1999) , appear compatible with a large-scale mechanism that may operate independently of changes in mean firing rate.
Given the established interpretation of oscillatory power changes in terms of population (de-)synchronization (Pfurtscheller and Aranibar, 1977) , our results join growing evidence for a functional role of neuronal synchrony in short-term memory (for review, see Jensen et al., 2007; Klimesch et al., 2009) . Most relevant to the present discussion, a very recent study by Siegel et al. (2009) has demonstrated stimulus-dependent synchronization of prefrontal beta oscillations during visual object retention. Expanding the previous evidence, the present results demonstrate dynamic beta synchronization during retention of a quantitative stimulus attribute in somatosensory working memory. As such effect was not evident in response to the comparison stimulus (f2), the frequency-dependent modulation of prefrontal beta during retention of the base stimulus (f1) can be assumed to reflect active working memory processing rather than merely stimulationinduced sensorimotor activity.
Importantly, no modulation in prefrontal delay activity was evident when frequency discrimination failed. Thus, the graded beta response associated with successful discrimination is likely to reflect behaviorally relevant information. Moreover, we found no performance-related differences in the overall somatosensory evoked or induced responses elicited by the to-be-memorized stimuli (f1), indicating that the degraded modulation of oscillatory activity on incorrect trials cannot be easily attributed to deficient stimulus representations in sensory areas. Notably, however, on incorrect trials, the strength of the somatosensory steady-state responses evoked by the comparison stimuli (f2) was reduced. This effect can be interpreted in terms of a difference in stimulus-directed attention (Giabbiconi et al., 2007) , suggesting that, on incorrect trials, in the absence of a modulation in prefrontal beta, the comparison stimuli were less attended. Overall, this pattern of results is indeed what one may expect if the modulation in prefrontal delay activity reflects task-relevant contents of a sensory memory trace; without a proper representation of the base stimulus in working memory, careful evaluation of the comparison stimulus, in a delayed-match-to-sample task, is pointless. Such interpretation is supported by an additional analysis of response time-related differences (see supplemental material, available at www.jneurosci.org), indicating that the evoked, but not the induced frequency-specific activity covaried with attentional/motivational factors. Together, these findings highlight the role of sensory working memory as a potential source of failure in two-interval frequency discrimination, which may add to known accuracy limits of vibrotactile frequency coding in SI (Luna et al., 2005) .
In sum, our results suggest that in a delayed-match-to-sample task, stimulus-locked EEG responses relate to early stages of vibrotactile frequency processing in primary somatosensory cortex, whereas non-stimulus-locked oscillatory activity can reflect frequency processing in nonprimary cortical areas. Thereby, active processing of a tactile presented stimulus attribute may also involve systematic modulations of alpha activity over occipitoparietal areas. Most importantly, we report evidence for a parametric representation of vibrotactile frequency in human working memory, as reflected by graded synchronization of beta oscillations in prefrontal cortex, during stimulus maintenance. The findings complement previous evidence for parametric somatosensory working memory in nonhuman primates and promote the study of content-specific sensory memory processing in human subjects.
